The necks of infants and young children are not only anatomically different from adults, but are also supported by much weaker musculoskeletal systems and are therefore prone to trauma as a result of extension/flexion (shaking) or contact trauma to the head. Shaking cervical spine injuries can occur at much lower levels of head velocity and acceleration than those reported for shaken baby syndrome. The proper method for a comprehensive and detailed examination of the neck in pediatric homicide and suspected homicide cases is the en bloc examination of the neck, because the standard examination of the spinal cord not only distorts the anatomical relationship of the cord and osteocartilagenous structures, but also excludes the cervical nerves, ganglia, and the vertebral arteries from being evaluated. Interpretation of gross and microscopic findings using this method requires experience and knowledge of the anatomical relationship and common artifacts, such as epidural, focal intradural, or even isolated nerve hemorrhage to avoid misinterpretation. It is our opinion that this method should be applied to all pediatric homicide or suspected homicide cases, but is not suited for routine or nonsuspicious cases as it will add to the time and cost of medical examiner's operations. Acad Forensic Pathol. 2016 6(4): 622-637
INTRODUCTION
The en bloc examination of the neck is not routinely performed in pediatric homicide cases and many medical examiners are unfamiliar with this simple but thorough examination. The autonomic centers for cardiovascular and respiratory functions are located in the cervico-medullary junction which, together with cervical nerves originating from the upper cervical cord, control vital functions in the body.
Since the first description of shaken baby syndrome by Guthkelch (1) and later by Caffey (2) , the research has concentrated on the biomechanics of brain injuries with forces necessary to produce the subdural hemorrhage, but a comprehensive neck examination was and is commonly overlooked. As demonstrated by Baker and Berdon, using dynamic radiographs, the fulcrum for flexion is at C2-C3 in infants and young children, at C3-C4 at about age five or six, and at C5-C6 in adults (3) . Injury to cervical nerves at this level could potentially interfere with innervation of the diaphragm and breathing. The phrenic nerve, for example, which originates mainly from the fourth cervical nerve but also receives contributions from the cervical nerves C3-C5 and innervates the diaphragm, can be compromised, adding to the respiratory complications or respiratory failure if bilaterally injured. A standard brain and spinal cord examination not only distorts the continuation of this vital anatomic region, but also excludes the examination of the nerve roots, ganglia, and surrounding soft tissues.
In pediatric homicide cases, but also generally in all pediatric cases, one-or two-view analog or digital radiographs are routinely performed mainly to assess the skull, rib cage, and long bones for acute or healed fractures. These radiographs are commonly performed without standard radiographic positioning of the body, which makes assessment of the cervical spine even more unreliable. Even using more advanced available radiographic methods, such as postmortem computed tomography, only limited information can be obtained in terms of spinal cord and soft tissue injuries of the neck region.
There are several unique aspects of the anatomy of the child's neck. Neck muscle strength increases with age, yet, with the greater head mass attached to a slender neck, the neck muscles are generally not developed sufficiently to dampen violent head movement, especially in children (4) . The cervical vertebrae are mainly cartilaginous in the infants, with complete replacement of this cartilage by bone occurring slowly. Articular facets are shallow and are much weaker than in an adult. The disproportionately large head, the weak cervical spine musculature, and laxity can subject the infant to uncontrolled and passive cervical spine movements and possibly to compressive or distraction forces in certain impact deceleration environments. These all contribute to a high incidence of injury to the upper cervical spine as compared to the lower cervical spine area (5) . In autopsy specimens, the elastic infantile vertebral bodies and ligaments allow for column elongation of up to two inches, but the spinal cord ruptures if stretched more than one quarter inch (6) . Additionally, the facet joints at C1 and C3 are nearly horizontal for the first several years of life, allowing for subluxations at relatively little force (7) . Bandak, in his study of biomechanics analysis of injury mechanism, concluded that shaking cervical spine injury can occur at a much lower level of head velocity and acceleration than those reported for shaken baby syndrome (8) .
To examine the spinal cord and cervicomedullay region in continuity, one of the authors (DF) in the late 1980s examined the spinal cord and the osteocartilagenous neck structures by removing the neck en bloc. The neck was removed in a series of 33 children age 0-14 years whose deaths were the result of traffic accident (9) . In this method, a bone window was cut first at the occiput to gain access to the cervicomedullary junction at the foramen magnum. The body was then repositioned and the cervical spine was removed circumferentially by a combination of anterior and posterior approaches.
In 2004, Judkins et al., in an effort to maintain the continuity of the upper cervical region and medulla, proposed removing the spinal cord in continuation with the brain (10) . In this method, using a posterior INVITED REVIEW approach and cutting the posterior laminae and cervical nerves, the spinal cord is removed in continuity with the brain structures. Although the entire spinal cord can be examined with this method, the osteocartilagenous structures with surrounding soft tissues, vertebral arteries, nerve roots, and dorsal root ganglia cannot be examined and more importantly, the three-dimensional relationship of these structures is lost. Additionally, applying this method could potentially create unwanted artifacts.
To maintain the three-dimensional relationship of the spine and upper cervical region, Matshes et al. used a similar method to that of Fowler's, by removing the spine en bloc. In this method, the periforaminal segment of the occipital bone is cut first and then the V3A and V3B segments of the vertebral arteries are incised and separated posteriorly. The V3 segment of the vertebral arteries runs from C2 to the dura. They applied this method to patients who died following neurosurgical intervention and chiropractic manipulation (11) . The authors also applied the same method, but without removing the vertebral artery segments, to a series of infants and young children with suspected acceleration/deceleration of the neck and examined the en bloc sections between C3 and C5, one section proximal to C3, and one section distal to C5 (12) .
In the Office of the Chief Medical Examiner for the State of Maryland in Baltimore, in addition to systematic examination of the entire central nervous system, the cervical spine is removed en bloc using the methodology described by Matshes and Fowler (9, 12) in all child homicide and suspected neglect cases by one of the authors (ZA).
METHODS
After routine external examination and photographic documentation, full-body radiographs and computed tomography are performed and evaluated. To eliminate puncture artifacts of the cervical region, cerebrospinal fluid is obtained from the lumbar segment of the spine for microbiologic studies. The brain removal follows routine evisceration of the cervical, thoracic and abdominal organs. The brain is removed by cut-ting above the distal medulla to keep the cervicomedullary junction intact. A layered anterior neck dissection can be performed, if indicated. The superficial muscle layers of the posterior neck are then examined by usual midline incision. The deeper soft tissue layers are included in the microscopic sections and do not require further examination at this point. The body is then positioned prone and the periforamen magnum region of the occipital bone is sawed (Image 1). This segment should be wide enough to accommodate the transverse and spinous processes of the upper cervical vertebrae. After the periforamen segment is sawed, the cut is then extended circumferentially and distally along the sides of the upper cervical region for a distance of approximately 2-3 cm using a scalpel. Next, the first ribs are cut at the costovertebral junction and the cervical spine is separated from the thoracic segment by sectioning of the intervertebral disc between thoracic spine T1 and T2 (Image 2). The carotid ar-Image 1: View at the base of skull with a square cut around the foramen magnum.
INVITED REVIEW
teries are then lateralized to prevent accidental puncturing and the paravertebral soft tissues are cut medial to the carotid arteries. Starting distally at T1/T2, the spine is then carefully separated and lifted from the surrounding soft tissues. The cut is then extended superiorly and circumferentially using scalpel or scissors until the cervical spine is freed laterally and posteriorly and the cut joins proximally the previous cut extended distally from the periforamen magnum segment. Following the en bloc resection of the cervical spine (Image 3) , the thoracic and lumbar spinal cord can be removed for routine neuropathologic examination.
The en bloc removed cervical spine is fixed in 10% formaldehyde for seven to ten days and then placed in 20% formic acid for decalcification for approximately two weeks. Following fixation and decalcification, the spine is serially sectioned, photographed, and examined grossly (Image 4). All sections are imbedded in 3 x 2" blocks and stained with hematoxylin and eosin (H&E) (Image 5). Following routine evaluation of the H&E sections, if indicated, selected sections are stained with amyloid precursor antibodies and Movat's pentachrome.
DISCUSSION
The necks of infants and young children are prone to acceleration/deceleration trauma for reasons discussed previously. These injuries may result from shaking or contact trauma to the head, subjecting the weak infant neck to substantial flexion/extension and rotational forces. A proper method to examine all cervical structures in trauma cases is the en bloc removal and examination of the neck. The major advantages of the en bloc examination of the neck are the preservation of all anatomic structures and examination of the cervicomedullary junction. Hemorrhage of the nerve roots and ganglia caused by flexion/extension and thus stretching of the cord and nerves is readily identifiable, not only microscopically, but also grossly. Hemorrhage of the surrounding deeper soft tissues is also readily identifiable (Image 6). The vertebral arteries are preserved in their normal anatomic compartment and can be grossly and microscopically examined after serial sectioning of the neck.
In order to interpret the findings accurately, good knowledge of anatomy and histology of this region and their structural relationship is important. One of the authors (ZA) examined or participated in the evaluation of 24 cases, ages between one month to four years, including five homicides (blunt force injuries), sudden unexplained death in infancy (SUDI), sudden infant death syndrome (SIDS), natural causes (infection, conduction system abnormalities), and accidental deaths (asphyxia by overlay, entrapment, pedestrian vs. motor vehicle). In our case series, more than half showed epidural hemorrhage throughout the cervical cord or focally, independent of the cause of death, postmortem interval, or position of the body.
Image 2:
The intervertebral disc between thoracic vertebrae T1 and T2 is cut (red arrow). The carotid arteries (orange arrows) are lateralized with cut extending along the spine (green arrows).
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Image 4:
Photograph showing serially sectioned C1-C6 levels after decalcification. Nerve roots and ganglia hemorrhage is readily identifiable in multiple levels as focal dark areas (arrows).
Image 3:
The en bloc removed neck before fixation and decalcification, left lateral perspective.
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This certainly contradicts the reported results of other investigators that epidural hemorrhage is rarely observed in children (13) . Interestingly, all cases with grossly identified epidural hemorrhage also showed extravasation of blood into surrounding soft tissues of dorsal roots or ganglia, and vertebral arteries. The spinal cord is surrounded by a robust venous plexus, which could be interpreted grossly and microscopically as epidural hemorrhage (Images 7 and 8) . Structurally, the epidural space and the venous circulation are directly connected and the connection is most commonly found in the cervical and upper thoracic spine (14) . The apparent epidural hemorrhage may result from increased venous pressure with congested and distended venous plexus or other perimortem hemodynamic changes; therefore, "pseudo-epidural hemorrhage" is a more appropriate term to use. In our experience and as pointed out by other investigators (15, 16) , the epidural hemorrhage by itself, without other evidence of trauma, is a postmortem artifact unless proven otherwise and should be interpreted with caution. Focal intradural hemorrhage was noted in some natural, accidental (pedestrian struck by car), and undetermined (SUDI) cases. In our experience, cervical cord subdural hemorrhage was noted in the majority of homicidal blunt force head trauma cases and was extensive throughout the cord and associated with cerebral subdural and subarachnoid hemorrhage as well as optic nerve and retinal hemorrhages. In one case of homicidal blunt force head injuries, the subdural hemorrhage was noted in the upper cervical region only. The presence of cervical cord subdural hemorrhage may be due to tracking of intracranial subdural hemorrhage, direct trauma, flexion/extension, or rotational forces. The pathophysiology of spinal cord subdural hemorrhage may be different from intracra- 
nial subdural hemorrhage as there is a relative lack of bridging veins (19) . It is impossible to be certain about the origin of cervical cord subdural hemorrhage in the presence of intracranial subdural hemorrhage, but hemorrhage in the nerve roots and ganglia, indicative of shearing forces, are certainly contributing to cervical cord subdural hemorrhage, or the cause, if cerebral subdural hemorrhage is not present. Minimal, microscopic subdural hemorrhage was noted in two nontrauma related cases (Image 9). The presence of minimal focal subdural hemorrhage is most likely an artifact in the absence of other trauma. Hemorrhage in the nerve roots and dorsal ganglia in homicidal blunt force head trauma was noted in all cases and is typi- cally present in multiple segments of cervical spine. The nerve roots and ganglia hemorrhage in homicide cases was noted microscopically as well as macroscopically, although unilateral hemorrhage of perineurium and septae of axons/nerves was noted in a nontrauma case microscopically (Image 10). Another commonly observed finding is the perivertebral artery and perivertebral space hemorrhage. These anatomical compartments contain venous structures similar to epidural space (17, 18) ; therefore the mechanism of bleeding is most likely similar to that of epidural hemorrhage and not confirmatory of trauma. The pertinent gross and microscopic findings are summarized in Table 1 .
CONCLUSION
It is our opinion that epidural hemorrhage (diffuse or focal), focal intradural hemorrhage, focal subarachnoid hemorrhage, perivertebral artery/perivertebral space hemorrhage as well as minimal microscopic subdural hemorrhage, are not necessarily indicative of inflicted trauma and should be interpreted in context with other findings. The most compelling findings indicative of trauma (hyperflexion/hyperextension injuries) are dorsal root ganglia or nerve rootlet hemorrhage and paravertebral muscle hemorrhage.
The en bloc examination will add to the processing cost and time, and requires the histology lab to adapt to new protocols and equipment to process and stain larger blocks. The histologic interpretation requires time, experience, and familiarity with this approach for correct interpretation of the findings. Despite all advantages, it is our opinion that this method is not suited for routine infant autopsies and should be reserved for blunt force homicide cases or if otherwise indicated. 
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